Abstract. In this study, we compared the microRNA (miRNA) profiles of a control and X-ray-and carbon ion beam-resistant cells to identify miRNAs that can be used as radiosensitizers and biomarkers. Mouse squamous cell carcinoma line NR-S1, its X-ray-resistant derivative X60, and its carbon ion beam-resistant derivative C30 were subjected to miRNA microarray analysis. Expression of miRNAs shown to be upregulated or downregulated in the microarray analysis was confirmed by qRT-PCR. Downregulated miRNAs were overexpressed in human pancreatic cancer cell lines PANC1 and MIA PaCa-2, and the resulting cells were tested for radiosensitivity using colony-forming and sphere-forming assays. Of 1,265 miRNAs analyzed, 4 were downregulated and 11 were upregulated in X-ray-resistant and carbon ion beam-resistant cells. Two of the downregulated miRNAs, miR-196 and miR-374, were selected for overexpression in PANC1 and MIA PaCa-2 cells. Overexpression of miR-374 sensitized PANC-1 and MIA PaCa-2 cells toward carbon ion beam radiation. miRNA miR-374 has the potential to be a new radiosensitizer for carbon ion beam radiotherapy and a new biomarker to determine the optimal treatment for cancer.
Introduction
Charged particle therapy, including carbon ion beam radiotherapy, is regarded as a promising treatment for various types of human cancer (1) . Although clinical and pathological studies have shown that the mechanism by which densely ionizing radiation induces apoptosis in cancer cells involves redox regulation (2) , a study has revealed that cancer stem cells and minor fractions of other cancer cells are able to survive radiation therapy (3) . In contrast, charged particle therapy is generally supposed to exert its antitumor effects directly on cellular DNA, which is vulnerable to double-strand breaks (4) . Because DNA double-strand breaks are lethal to cells (5), this may be a promising therapeutic mechanism for efficient eradication of cancer cells.
A growing body of evidence has suggested that small non-coding RNAs, known as microRNAs (miRNAs), are involved in the regulation of tumor initiation and progression (4, (6) (7) (8) (9) . Several miRNAs have been found to be prognostic factors and clinical targets for cancer treatment (9-13). Zhang et al (9) demonstrated that miR-205, which is downregulated in radioresistant breast cancer cells, can be used as radiosensitizer in a preclinical model. Wang et al (12) found that miR-185 is downregulated in response to radiation and that elevation of miR-185 sensitizes renal cell carcinoma cells to X-ray irradiation. In this study, we focused on the expression of miRNA in carbon ion beam-resistant mouse squamous carcinoma cell lines (C30) to discover new radiosensitizers and prognostic factors. We demonstrated that miR-374, a miRNA suppressed in C30, can act as radiosensitizer when overexpressed in the human pancreatic cancer cell lines PANC1 and MIA PaCa-2. This result suggests that miR-374 is a potential prognostic factor for carbon ion beam radiotherapy and may be a promising new radiosensitizer.
Materials and methods
Cell lines. The NR-S1 (mouse squamous cell carcinoma; controls), X60 (radioresistant to X-rays), and C30 (radioresistant X-ray radioresistant cells. X60 cells were established by irradiating NR-S1 cells with 10 gy of X-ray radiation once every 2 weeks. The cells were irradiated with a total dose of 60 gy of X-ray radiation and cultured for 4 weeks after their final irradiation (14) . Colony formation assay. PANC-1 and MIA PaCa-2 underwent miRNA transfection and irradiated by gamma-ray or carbon ion beam. gamma-ray irradiation was conducted by gamma cell (Best Theratronics Ltd., Ottawa, ON, Canada). Carbon ion beam irradiation was carried out at the heavy Ion Medical Accelerator in Chiba (hIMAC) at the National Institute of Radiological Sciences, Japan. Irradiated cells were seeded into 6-cm dishes and incubated for 12 days. Colonies were then stained with crystal violet (0.5% w/v) and counted. The colony consisted of at least 50 cells. Survival curves were drawn by using Microsoft Excel software (Microsoft Corporation, Redmond, WA, uSA).
Sphere formation assay. PANC-1 and MIA PaCa-2 cell lines were transfected with a negative control, miR-196 and miR-374. Cells (1,000, 500 and 100 per well) were seeded in a 96-well plate with serum-free medium (DMEM/F12) supplemented with N2 supplement (Invitrogen), epidermal growth factor (EgF; 20 ng/ml), and basic fibroblast growth factor (bFgF; 20 ng/ml) (both from R&D Systems, Inc., Minneapolis, MN, uSA). After 14 days of incubation, spheres with diameters >100 µm were counted.
Statistical analysis. Each experiment was repeated three times or more. Data are presented as the mean ± SD. Statistical significance was determined with Student's t-tests using Microsoft Excel software (Microsoft Corporation).
Results

miRNA expressions are differentially changed in response to carbon ion beam radiation.
To identify miRNAs that may be involved in carbon ion beam resistance, radioresistant cell lines were produced from a mouse squamous cell carcinoma cell line, and then the miRNA profiles of the resistant cells were obtained using miRNA microarray analysis. The miRNA expression patterns of the radioresistant cell lines produced by X-ray and carbon ion beam irradiation were different (Fig. 1) . Figure 1 . Cluster map from the microRNA microarray analysis. A total of 1,265 microRNAs were analyzed using microarray analysis. NR-S1-a is the control cell line. NR-S1-X60 is an X-ray-resistant cell line. NR-S1-X60-A3 and NR-S1-X60-h2 are single clones derived from NR-S1-X60. NR-S1-C30 is a carbon ion beam-resistant cell line. NR-S1-C30-2 and NR-S1-C30-10 are single clones derived from NR-S1-C30. MicroRNA expression was differentially changed in radioresistant cell lines.
Among the 1,265 miRNAs analyzed, 4 were downregulated and 11 were upregulated ( Fig. 2 and Table I ). To evaluate which of these miRNAs were related to carbon ion beam resistance, miRNAs were screened using the NCBI Gene database and miRBase: the miRNA database. Each murine miRNA was searched to identify its function and determine whether its sequence matched that of a human miRNA. The miRNA mmu-miR-3068-3p was rejected because it does not exist in humans. Based on the average log2 ratio values from the microarray analysis, 3 upregulated miRNAs (mmu-miR-494-3p, mmu-miR-149-3p, and mmu-miR-2861) and 2 downregulated miRNAs (mmu-miR-196a-5p and mmu-miR-374c-5p) were selected for further study. To ensure that the cellular expression of the selected miRNAs was consistent with the microarray results, qRT-PCR was performed. Because the actual expression of miR-532 was not consistent with the microarray result, miR-532 was rejected (Fig. 3) . Previous studies on the use of miRNAs, such as miR-205 (9) and miR-185 (12), as radiosensitizers focused on downregulated miRNAs. Therefore, we first focused on downregulated miRNAs, mmu-miR-196a-5p and mmu-miR-374c-5p.
Overexpression of miR-374 radiosensitized human pancreas cancer cell lines against carbon ion beam irradiation.
Carbon ion beam radiotherapy is a promising treatment for pancreatic cell carcinoma, which is a therapy-resistant cancer, with respectable treatment outcomes in a clinical trial (15) . We overexpressed miR-196 and miR-374 in human pancreatic cancer cell lines PANC1 and MIA PaCa-2 using lipofectamine RNAiMAX. The actual expression level was evaluated with qRT-PCR (Fig. 4A) . A colony formation assay was performed with gamma-ray and carbon ion beam irradiation to investigate whether miRNA expression changes radiosensitivity. Cell lines overexpressing miR-196 were more resistant to gamma-ray irradiation than the control. PANC-1 cells overexpressing miR-196 were a little more sensitive to carbon ion beam irradiation than the control; however, there was no change in carbon ion beam sensitivity in the MIA PaCa-2 cell line (Fig. 4B) . Overexpression of miR-374 increased the sensitivity of both PANC-1 and MIA PaCa-2 cells to carbon ion beam irradiation. There was no change in gamma-ray sensitivity (Fig. 4C) . This result suggests that miR-374 may be used as a new carbon ion radiosensitizer.
Discussion
The mechanisms of X-ray resistance have been studied and the DNA repair processes that occur through the ATR-Chk1 (12,16) and ZEB1-Chk1 pathways (9, 17) are known to be involved. Carbon ion beam radiation is thought to be more effective than X-ray radiation in inducing double-strand DNA breaks; therefore, it should be more effective in treating X-ray-resistant cancer cells. however, the mechanisms leading to resistance to carbon ion beam radiation are not fully understood. Several studies have shown that radiation-induced changes in miR expression are often related to radioresistance. For example, miR-205 and miR-185, which are downregulated after X-ray irradiation, can radiosensitize cancer cells when overexpressed. We investigated miRNAs that are downregulated in carbon ion beam-irradiated cell lines, and evaluated whether overexpression of these downregulated miRNAs can radiosensitize the cell toward carbon ion beam radiation. In our study, miR-196 and miR-374 were downregulated in C30 cells. Overexpression of miR-374 enhanced the carbon ion beam radiosensitivity of human pancreatic cancer cell lines PANC-1 and MIA PaCa-2. Overexpression of miR-196 decreased the gamma-ray radiosensitivity of PANC-1 and MIA PaCa-2, and slightly enhanced the carbon ion sensitivity of PANC-1 (Fig. 4B) . On the contrary, overexpression of miR-196 increased sphere formation in the MIA PaCa-2 cell line, while miR-374c suppressed it. The sphere formation assay is often used to evaluate cancer stem cell properties, and this result suggests that miR-374 has a potential to suppress cancer stem cells. Our findings suggest that miR-374 may be useful as a radiosensitizer for carbon ion beam radiotherapy. While several X-ray radiosensitizers have been studied to date, there are few studies describing carbon ion beam radiosensitizers. Although further investigations are required, including in vivo clinical trials, miR-374 showed high potential to be used as a carbon ion beam radiosensitizer or as a biomarker for carbon ion beam sensitivity.
The limitation of this study is that the mechanism through which miR-374 enhances carbon ion beam radiosensitivity is unclear. We searched for target DNAs involved in the regulation of carbon ion beam radiosensitivity using a target scan. None of the DNAs known to be involved in the regulation of X-ray radiosensitivity, such as ZEB19, ATR (12), were in the target DNA list of miR-374. This suggests that carbon ion beam radiosensitivity is regulated by a pathway different from that of X-ray radiosensitivity.
In conclusion, we demonstrated the potential of miR-374 to become the first carbon ion beam radiosensitizer. We also showed that miR-374 can be used as a biomarker to determine the optimal treatment for cancer. In the future, further detailed studies of carbon ion beam radioresistance mechanisms and clinical trials for the human evaluation of miR-374 are expected.
